















A	 method	 to	 evaluate	 the	 risk	 of	 using	 daylight	 in	 museums	 and	 cultural	 heritage	
exhibitions	 is	 presented	 along	 this	 study.	 Although	 daylight	 is	 an	 ecological	 and	 sustainable	
source	of	energy	and	sometimes	also	an	intrinsic	part	of	the	artwork,	the	use	of	Natural	lighting	
may	 cause	 damages	 in	 them	 due	 to	 the	 difficulty	 of	 controlling	 its	 variability.	 The	 developed	
method	quantifies	the	damage	produced	to	the	artworks	by	daylight	compared	to	artificial	light	
taking	 into	 account	 the	 level	 of	 radiation	 and	 its	 spectral	 distribution	 in	 space	 and	 time	 by	
comparison	 with	 the	 damage	 caused	 by	 an	 Illuminant	 A	 (Global	 Risk	 Factor).	 The	 method,	






Lighting	 is	 one	 of	 the	 most	 important	 factors	 to	 appreciate	 the	 artistic	 and	 historical	
elements	but	 it	 should	be	very	well	 controlled	 since	electromagnetic	 radiation	can	damage	 the	
exposed	art	material	[1].	
The	 control	 of	 light	 is	 so	 far	 based	 on	 certain	 regulations	 and	 guidelines,	 such	 as	 those	




The	main	objective	of	 this	work	 is	 to	obtain	a	 realistic	and	accurate	method	 to	evaluate	
the	 impact	 of	 Natural	 Light,	 as	 a	 function	 of	 their	 spatial	 and	 temporal	 location,	 using	




In	 order	 to	 evaluate	 the	 influence	 of	 Natural	 Light,	 our	 research	 has	 been	 developed	 in	 a	
permanent	 exhibition	of	 54	oils	 from	Vicente	Carducho	painter,	 located	 in	 the	walls	of	 the	 fifteenth	
century	cloister	of	the	Monastery	of	Santa	Maria	de	El	Paular	in	Rascafría	(Madrid,	Spain).	
Section	2	presents	an	empirical	model	to	evaluate	and	predict	the	damage	caused	by	daylight	





In	 this	 research	 we	 present	 a	 methodology	 that	 quantifies	 the	 risk	 factor	 to	 which	 the	
artworks	are	exposed	(defined	and	detailed	in	section	3).	
2.1. Previous	
The	 cloister	 of	 the	Monastery	was	 renewed	between	2007	 and	2011.	 The	purpose	 of	 the	
rehabilitation	 was	 to	 relocate	 the	 permanent	 exhibition	 removed	 some	 years	 before,	 due	 to	 its	
deterioration.	The	Institute	of	Cultural	Heritage	of	Spain	(Ministry	of	Culture)	launched	a	project	to	






After	 the	 reconditioning	 of	 the	 cloister,	 the	 Cultural	 Heritage	 Institute	 asked	 for	 the	
collaboration	 of	 the	 Complutense	 University	 of	 Madrid	 (UCM),	 specifically	 to	 get	 a	 detailed	
determination	 of	 the	 time	 and	 positions	 where	 the	 above	 work	 of	 art	 could	 be	 exposed.	 This	




The	study	about	 the	optimal	value	of	 radiation	exposure	on	 the	artworks	 is	based	on	 the	
above	 references	 [8].	 The	 research	 carried	 out	 by	 the	 UCM	 team,	 has	 taken	 into	 account	 the	
recommendations	 on	 how	 artworks	 should	 be	 illuminated	 [9,10].	 The	 model	 characterizes	 the	
spectral	 composition	 of	 light	 and	 its	 intensity	 over	 time	 and	 space	 considering	 the	 geographic	
location	of	 the	cloister.	The	results	were	used	 in	order	to	evaluate	 if	 the	produced	damage	 in	the	
exhibition	is	under	the	criteria	of	conservation	of	restorer	team.		
A	 set	 of	 models	 has	 been	 developed	 to	 get	 a	 realistic	measurement	 of	 the	 Natural	 Light	
effect	 on	 the	 artworks.	 The	 calculation	 includes	 a	 comprehensive	 and	 accurate	 estimation	 of	 the	
time‐space	variations.	Values	from	the	model	have	been	compared	with	photometric	data	taken	in	
the	cloister	along	the	last	six	years.	
We	have	also	analyzed	 in	 the	calculation	 the	 influence	of	 the	responsivity	of	oil	paintings	
(material	used	in	the	works),	described	by	the	model	of	Berlin	[11].		
According	 to	 the	 protocols	 on	 illumination	 in	 Museums	 [12]	ܷܸ	radiation	 has	 been	
neglected	by	using	special	glasses	with	filters	placed	in	the	windows	whose	physical	characteristics	









Orientation	 Type	Glass	 T	Visible(%)	 T	UV(%)	 Characteristics	




SOUTH	 ST‐167	 43	 <1	
EAST	 ST‐136	 24	 <1	























to	 specific	 software	 processing	 the	 photometric	 characteristics,	 with	 Dialux	 software	 [13],	
where	the	following	aspects	have	been	considered:	
 Amount	of	 radiation:	Natural	Light	enters,	depending	on	 the	 cardinal	orientation	
and	the	windows	filters,	on	the	located	on	the	walls	in	front	of	the	oils.	




day	 (B;	 sky	 foul	 covered	 by	 close)	 and	 cloudy	 day	 (C;	 sky	 partially	 covered	 by	
cloud),	 and	 the	 type	 of	 radiation:	 direct	 and/or	 diffuse,	 according	 to	 the	 data	
provided	 by	 the	 National	 Institute	 of	Meteorology	 AEMET	 in	 Rascafría	 (Madrid)	
that	consider	the	average	percentages	of	different	type	of	days.	
 The	 study	 was	 conducted	 from	 January	 to	 June,	 using	 equivalent	 illuminance	
values	 on	 7th	 and	 21th	 day	 of	 each	 month	 and	 at	 every	 hour	 of	 the	 day,	 from	
sunrise	to	sunset	(more	details	in	the	spectral	model	described	in	2.2.2).	
 The	values	 of	 the	 reflection	 coefficient	used	 for	 the	 surfaces	of	 the	 cloister,	with	
were	measured	using	a	Stellar	Net	EPP20002	spectrophotometer	(Scan	Range:	200	
to	1100	nm,	 resolution	of	 the	order	of	1	nm),	 are:	20%	 for	 the	 soil,	70%	 for	 the	
ceiling;	and	50%	for	the	walls.	
Since	 the	 interest	 of	 the	 study	 is	 only	 the	 vertical	walls	where	 the	 oils	 are	 exposed,	
only	the	illuminance	values	of	these	surfaces	(whose	dimensions	are	approximately	53	x	6,6	









The	 sensors	 were	 placed	 3.67	 m	 above	 the	 floor	 of	 the	 cloister	 in	 period	 of	 the	
restauration	 (Fig.	 2).	 This	 position	 was	 chosen	 because	 it	 is	 the	 area	where	 Natural	 Light	
more	 affects	 the	 paintings.	 At	 the	 same	 time	 this	 height	 helps	 to	 keep	 safe	 the	 sensors	 of	
possible	interactions	with	visitors.	
Fig.	3	shows	the	measurements	over	six	months	in	2012.	












The	 spectral	 characteristics	 and	 the	 amount	 of	 radiation	 of	 the	 Natural	 Light	 in	
Rascafría	(Madrid),	a	very	close	village	to	El	Paular,	have	been	obtained	(Fig.	4).	Values	of	the	
sun	 spectral	 irradiance	ܧሺߣሻ	in	Wmିଶnmିଵ	from	 sunrise	 to	 the	 sunset	 for	 each	 hour	 of	 the	
day	 and	 taking	 into	 account	 the	 characteristics	 of	 each	 month	 of	 the	 year	 are	 calculated	
according	to	reference	models	[14,15],	following	the	equation	(1).	
ܧሺߣሻ ൌ 	ܧሺߣሻ஽ ൅ ܧሺߣሻ஽ி 	 	 	 	 	 	 	 	 	(1)	





The	calculation	 to	know	the	sun	position	along	 the	year,	 from	sunrise	 to	sunset,	has	
been	made	using	as	a	model	the	following	equations	described	in	Ref.	[16],	for	the	zone	where	
the	Monastery	is	located,	whose	latitude	and	longitude	are	40.9º	and	3.7º,	respectively.	







The	 development	 of	 this	 model	 has	 been	 made	 with	 reference	 to	 the	 information	
provided	by	the	standard	CIE	157:2004,	which	describes	the	scope	of	the	photochemical	effect	
that	 visible	 light	 produces	 in	 the	 exposed	 oils,	 and	 equations	 for	 the	 calculation.	 Four	
variables	are	involved:	irradiance,	exposure	time,	spectral	distribution	of	the	light	source	and	
the	 nature	 of	 the	 illuminated	 object.	 The	 matrices	 detailing	 the	 final	 damage	 (Fig.	 5)	 are	





ݏሺߣሻ஽ெ,௥௘௟ ൌ ݁ݔ݌ሾെܾሺߣ െ 	300ሻሿ	 	 	 	 	 	 	 (2)	
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where	 ݏሺߣሻ஽ெ,࢘ࢋ࢒ 	defines	 the	 relative	 spectral	 responsivity	 on	 the	 radiant	
exposure	 standard	at	300	nm;	ܾ	is	 a	 constant	 value	depending	on	 the	 sensitivity	 of	 the	
material	used	in	the	artworks,	where	ݏሺߣሻ	and	ܾ	are	non‐dimensional.	
The	 resulting	 function	ݏሺߣሻ஽ெ,௥௘௟,	 has	 been	 applied	 together	 with	 the	 spectral	
model	ܧ௘,ఒ,	to	obtain	the	effective	irradiance	ܧ஽ெ.	
The	 result	 is	 a	 function	 of	 the	 exposure	 threshold	 of	 effective	 irradiance	 of	
Natural	Light	for	a	period	of	time,	and	ܧ஽ெ	expression	(3);	
ܧ஽ெ ൌ ׬ ܧ௘,ఒ	ݏሺߣሻ஽ெ,௥௘௟	݀ߣ	 	 	 	 	 	 	 	 (3)	
ܧ஽ெ	in	Wmିଶ 		
To	take	into	account	the	effective	damage,	the	spectrum	of	the	incident	radiation	
and	 the	 relative	 spectral	 response	 of	 the	 host	 material,	 effective	 irradiance	 has	 to	 be	
integrated	over	time	in	equation	(4),	




when	 obtained	 for	 a	 specific	 point	 of	 the	 cloister	 wall	 in	 a	 determined	 time	 period,	















of	 constant	 illumination	 pattern.	 The	 constant	 radiation	 source	 chosen	 is	 an	 incandescent	
lamp	of	50	ܮݑݔ	(Illuminant	A,	ܪ஽ெ஺ ൌ 0.2628	Whmିଶ),	recommended	for	sensitive	materials	
under	Berlin	model	[11].	
The	 computing	power	 of	 the	ܩܴܨ஺	and	 its	 flexibility,	make	 this	method	 to	 be	 a	 very	
useful	tool	for	restorers	and	designers	of	exhibitions,	expression	(5):	
ܩܴܨ஺ ൌ 	ܪ஽ெ ܪ஽ெ஺ൗ 	 	 	 	 	 	 	 	 	 (5)	
To	calculate	the	ܩܴܨ஺,	it	is	necessary	to	integrate	properly	the	above	models.	
2.2.4. Meteorological	model	
In	 order	 to	 know	 the	 amount	 of	 radiation	 of	 the	 geographic	 location	 of	 the	
Monastery	(Rascafría,	Madrid),	it	is	necessary	to	estimate	the	distribution	of	the	different	
types	of	days	in	each	month	of	the	year.	
We	 have	 analyzed	 statistical	 values	 from	 the	 National	 Institute	 of	 Meteorology	




















As	 an	 example,	 Fig.	 3	 shows	 the	 variation	 of	 the	 data	 measured	 by	 one	 of	 the	

















The	 results	 determine	 the	ܪ஽ெ	value,	 corresponding	 to	 the	 different	walls	 of	 the	 cloister,	
divided	 into	arrays	of	200x30	points.	This	model	 allows	deriving	 the	ܪ஽ெ	for	different	 areas	 and	
periods	of	the	year.	Although	in	general,	values	do	not	exceed	the	CIE	157:2004	recommendations,	
which	for	low	responsivity	are	set	to	850	Whmିଶ,	analyzing	each	point	of	the	walls,	areas	in	which	
this	 value	 is	 far	 exceeded	 are	 found,	 since	 they	 are	 more	 exposed	 to	 direct	 sunlight.	 Fig.	 10(a)	
shows	 the	evolution	 in	 time	 (from	 January	 to	 June)	of	 the	maximum	values	of	ܪ஽ெ	choosing	




























The	 study	 can	 be	 applied	 for	 each	 art	 work,	 every	 space,	 every	 hour,	 every	 month.	
Information	 is	 collected	 with	 the	 aim	 of	 making	 more	 efficient	 the	 use	 of	 Natural	 Light	 as	 a	
renewable	energy	in	that	place.	
Artworks	 on	 the	 West	 wall	 have	 a	 highest	ܩܴܨ஺	respect	 to	 the	 other	 walls.	 However,	
regions	receiving	more	radiation	on	the	wall	4	(East)	have	a	ܩܴܨ஺	lower,	less	than	80.	This	is	half	






The	 study	 advises	 against	 the	 use	 of	 wall	 areas	 reaching	 a	ܩܴܨ஺	value	 of	 150.	 The	
average	 value	 of	ܩܴܨ஺	where	 the	 pictures	 are	 located	 is	 80,	 which	 can	 be	 considered	 as	 an	




been	 considered	 inevitable	or	because	 it	 is	 an	 essential	part	of	 the	work	of	 art	 itself,	 as	 in	 the	 case	
studied	in	the	present	work.	
The	 advantages	 of	 the	 use	 of	 Natural	 Lighting	 in	 architecture	 are	 widely	 accepted	 (energy	
saving,	not	polluting,	renewable	source,	psychological	comfort,	circadian	cycle,	colour	reproduction).	





The	 calculation	 system	 applies	 Natural	 Light	 spectral	 distribution	 to	 evaluate	 the	 impact	
(relative	damage)	on	each	area	of	the	artwork,	taking	into	account	the	level	of	radiation	estimated	at	
every	 point	 and	 every	 moment.	 It	 will	 be	 also	 necessary	 to	 calculate	 if	 this	 value	 is	 relevant	













be	 displayed	 the	whole	 year,	 or	 alternatively	 it	 is	 possible	 to	 select	 periods	 of	 time	when	 the	
ܩܴܨ஺	is	 lower	 to	display	 the	most	 light‐sensible	works.	For	 the	 latter	case,	 since	 this	cloister	 is	
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